natural gas fuel is mixed with recycled fuel cell anode exhaust, providing water for reforming fiel. The mixed gas then flows to a direct carbonate fuel cell which generates about 70% of the power.
The portion of the fuel cell anode exhaust which is not recycled is burned and heat is transferred through a heat exchanger to the corn+ air fhnn a gas turbine. The heated compressed air is then heated further in the gas turbine burner and expands through the turbine generating 15 % of the power. Half the exhaust from the turbine provides air for the anode exhaust burner. All of the turbine exhaust eventually flows through the fuel cell cathodes providing the Oaand CQneeded in the electrochemicat reaction. Exhaust h m the fuel cell cathodes flows to a steam system that includes a heat recovery steam generator and staged steam turbine which generates 15% of the hybrid cycle power.
Simulation studies of a 200 MW planfwith a hybrid power cycle showed an LHV e6ciency of 72.6%. The hybrid cycle power output and efficiency are relatively insensitive to ambient temperature,compared to a gas turbine combined cycle. The NO, emissionS fiom the hybrid power cycle are 75% lower than the level from a combined cycle. The estimated cost of electricity for a 200 MW w i t h a hybrid power cycle is 46 milldkWh, which is competitive with a combined cycle for installations where fuel cost is above $S.S/MMBTU. A key technology requirement in the hybrid power cycle is the heat exchanger which transfers heat to the compressed air from a gas turbine. In the 200 MW pIant studies, a heat exchanger that operates at 1094OC was assumed to take advantage of high temperature heat exchanger technology currently under development by h4ETC for mal gasifiers.
Studies of a near term high eficiency direct carbonate fuel celllturbine hybrid power cycle have also been compIeted and are the subject of a paper to be presented at the Fuel Cell Seminar in Orlando, Florida in Novmber 1996. These later studies were focused on a 20 MW hybrid power cycle for near term appIication. 
HYBRID POWER CYCLE DESCRIPTION
The direct carbonate atmospheric pressure fiel CelVturbiine hybrid power cycle is shown in Figure 2 . The system includes a direct carbonate fie1 cell, a gas turbiine, and a steam cycle. Natural gas flows to the f k l cell and the gas turbine. Air flows to the gas twbine, and exhaust h m the gas turbine flows to the fuel cell. Fuel exhaust from the fuel cell is oxidized providing heat to the gas turbine. Exhaust b m the fie1 cell flows to the steam cycle.
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FIGURE 2. MAJOR ELEMENTS OF HYBRID POWER CYCLE:
An Integrated system to M&ie
Electrical Efficiency
In the direct carbonate fuel cell s y s t e m water vapor is mixed With the mtur8l gas and is inremally steam reformed producing CO and Hz as folllows:
CH, + 1.5 H20 + Heat + CO + 3% + 0.5 %O Reform (2) co+&o-,co~+y Five pacent of the medme fuel is compressed and flows to the gas turbine combustor. The gas turbine compressor delivers air at 360 psia to a high temperature heat exchanger which heats the air to 982%. The heated air then flows to the gas turbine combustor where it is heated further to 1094OC befm flowhg through the turbine. Turbine This systm is self-sufficient in its water management. There is no net requirement for process water other than for make-up o f blowdown from the boilers. Exhaust &om the system is at 67%, with a dew point of about 54%.
In the system described above, water is provided for the reforming process by mode recycle in which a portion of the fuel cell anode exhaust is recycled back to the inlet of the process. An' alternative way is to provide the water vapor for the reforming process in the fuel cell stacks from the steam bottoming cycle. Both of these options were explored in studies of the hybrid power cycle for a 200
Mwpowerplant.

MW HYBRID POWER CYCLE PLANT PERFORMANCE
The performance of the 200 MW plant with a hybrid power cycle was analyzed using a CHEMCAD' system model with an ERC developed fuel cell d e l . The results are shown in Table 1 for a system in which water vapor for the reforming is by d e recycle and for a system in which the water comes as steam from the steam system.
In the hybrid power cycle, about 70?! of the power is produced by the fuel cell system, about 15 % comes from a generator driven by the gas turbine, and the remaining 15% comes from generators driven by the three steam turbines. There is about 5% parasitic power for pumps and blowers in the system.
PERFORMANCE SENSITMN TO SITE CONDITIONS
In the performance studies of the hybrid power cycle presented above, the assumed site conditions are sea level and lS°C ambient air. The effect of ambient temperature above 15°C and elevations above sea level was also investigated. The results indicate that the hybrid power cycle system is relatively insensitive to changes in ambient temperature or elevation. The effict of ambient temperatures at 35OC and 49°C on the perf0ranc.e of the h y W power cycle system w i t h anode recycle is shown in As ambient temperature goes up from 15°C to 35% and to 49OC, the he1 cells, which produce 70% of the power, have a relatively constant output. There is a 7-1 1% i n c m in the gas turbine compressor work and gas turbine net output is reduced 1422%. Mine fiel cell waste heat is t r a n s f e d in the high temperature heat exchanger and the gas turbine raw fuel flow is reduced 3546%. A higher fraction of the gas turbine exhaust flows dmtlyto the fud cell for woling and the exhaust recycle blower has 413% less parasitic bss. The net resUtt is 34% less power output and 2-3 % less fuel flow. The result is a reduction in e&iency of only 1-1 3 9 6 % as shown in Table 2 .
TABLE 2. EFFECT OF AMBIENT TEMPERATURE ON HYBRID POWER CYCLE PERFORMANCE:
The Hybrid Cycle is Insensitive to Ambient Conditions
AMBIENT TEMP., "C NET POWER, MW
A comparison of the hybrid power cycle performance at temperatures above 15% against a typical gas turbine combined cy~I$*~ is shown in figure 4 . A combined cycle is expected to have a 15% reduction in power rating at 49'C, compared to only 4% reduction in power rating with a hybrid power cycle.
The effsct of elevation on the performance of the hybrid power cycle was also investigated and showed that the per6ormance is relatively insensitive to site elevation with power rating reduction of only 2.1% between sea kvel and 5,OOO foot site ekvation.
MW HYBRID POWER CYCLE PLANT EMISSIONS
Although the hybrid power cycle has about 70% of its power generated by the fuel cells, there is an anode exhaust combustor and a gas turbine burner which can generate nitrous oxides, NO, A comparison of the NO, between a hybrid power cycle and a gas . . -.. Opaating conditions. The results showed that the hybrid power cycle is expected to generate 75% less NO, than a gas turbine combined cycle.
The emission of sulfur dioxide, SO, is expected to be only about 1% of the level from a gas turbine combined cycle because the fuel is desufirized as a first step in the process (not shown on the simplified system schematic Figure 3) . The contribution of carbon dioxide, CO, to the atmosphere is expected to be about 25% lower than a gas turbine combined cycle due to the higher e5ciency. 
MW HYBRID POWER CYCLE PLANT COST OF ELECTRICITY
Thelevelidfud cost of28.6 mills/kWh is bastd on the same assumptions as used to estimate the fuel cost for the hybrid power cycle. A breakdown of costofekctricity is shown in Table 3 m comparison With the hybrid power cycle. Although the hybrid power cycle fuel cost at $3/h4MBTU is significantly less, the diffmnce is not enough to ofEd higher plant and OBtMcost, which result in higher COE at this fuel cost. The first year fuel cost at which the hybrid power cyde is competitive with the combined cycle is significantly influenced by fuel cell system cost. An increase in the fuel cell system cost fnrm 1000 $/kW to 1250 $/kW increases the first year fuel cost at which the hybrid power cycle is competitive from 5.8 -TU 
MW HYBRID POWER CYCLE TECHNICAL CHALLENGES
Hybrid power cycle commerckhation for application in 200 Mw installations with high fie1 cost requires that a number of technical challenges, identified below, be addrcsscd Performance of the fuel cells under hybrid power cycle conditions must be verified. These conditions include the composition of gas to the anode which corresponds to the use of anode recycle as a mcans of providing water for the reforming process. In addition, relatively lean oxygen concentfations at the fuel cell cathodes were assumed which must be vedkd.
An anode recycle blower with a temperature capabdity of 650OC and seals that mintnizC fueI gas leakage under a pressure diffmntial of about 3 psi must be found/developed.
The heat exchanger that transfers heat from the anode exit bumer to the compressed air from the gas turbine must be designed for a temperature of 1094°C and a design pressure of 400 p s i s High temperature heat exchangers are presently under development by h4ETC for application to coal gasifwition. A detailed understanding of this technology and its application to the hybrid power cycle is needed, particularly to meet the cost projections for this quipmcnt The gas turbine in the hybrid power cycle has a relatively low power output. In addition, the compressor air is heated cxtemal to the gas turbiie and then returned to the gas turbine bumer for supplementary heating before passing through the turbine. Gas turbine technology must be reviewed in detail with suppliers and the design modified to accommodate the hybrid power cycle integration requirements.
CONCLUSIONS
A hybrid power cycle which includes direct carbonate fuel cells operating at near atmospheric pressure, a gas turbine and a steam system, is capable ofgenerating power at a net LHV efficiency above 70%. These results corroborate those published by DOE/METC *. 
